In addition, for forensic analysis of DNA evidence, A sensitive assay for detecting double-stranded (ds) the rapid and sensitive quantitation of small amounts DNA in solution is described. This assay employs a new of DNA obtained either by direct extraction or by amdye, PicoGreen dsDNA quantitation reagent, which be-plification from blood, semen, bone, or other sources comes intensely fluorescent upon binding nucleic is a critical step prior to DNA typing analysis.
Thus, two different assay solutions must be used in OR). Escherichia coli (E. coli) ribosomal RNA and pUC19 plasmid DNA were from Boehringer Mannheim order to achieve adequate selectivity when analyzing samples thought to contain both contaminants. In ad-(Indianapolis, IN). Bacteriophage fX174 ssDNA was from New England Biolabs, Inc. (Beverly, MA). Mixeddition, Hoechst 33258 binding and fluorescence is strongly AT-selective (6-10). Ethidium homodimer-1 base oligonucleotides were from Oligos, Etc. (Wilsonville, OR). Homopolymers were from Pharmacia Biohas been used to develop a dsDNA quantitation assay with a detection sensitivity as low as 1 ng/ml in a stan-tech (Piscataway, NJ). Bovine serum albumin (BSA) was from United States Biochemical Corp. (Cleveland, dard fluorometer (11); however, that assay has a limited dynamic range and the dye also binds to RNA and OH). Calf thymus DNA, ATP, Tris, EDTA, MgCl 2 , ZnCl 2 , NaCl, ammonium acetate, sodium acetate, phessDNA (unpublished observations, D. Ryan, Molecular Probes, Inc.).
nol, chloroform, ethanol, urea, Triton X-100, sodium dodecyl sulfate (SDS), and poly(ethylene glycol), averOver the past several years, we have developed a series of ultrasensitive cyanine dyes (12) that have also age molecular weight 1450, were from Sigma Chemical (St. Louis, MO). Bacteriophage l DNA and agarose been used to quantitate small amounts of dsDNA. Of these dyes, YOYO-1 has been shown to allow the detec-were from Gibco-BRL (Gaithersburg, MD). Quinine sulfate was from Spectrum Chemical Manufacturing tion of as little as 0.5 ng/ml dsDNA in solution in a standard fluorometer (13) and YO-PRO-1 allowed de-Corp. (Gardena, CA). tection of about 2.5 ng/ml in a fluorescence microplate reader (14) . In combination with a highly sensitive la-Methods ser-excited confocal fluorescence scanner, TOTO-1 and Fluorescence parameter measurements. The fluo-YOYO-1 have been used to detect as little as 20 pg rescence excitation and emission spectra for PicoGreen dsDNA in 25-ml volumes (0.8 ng/ml) in microplate wells reagent bound to dsDNA were obtained by incubating (13) ; however, using standard commercially available 0.8 mM dye with 500 ng/ml calf thymus DNA in TE instrumentation, this level of detection is not attained buffer (10 mM Tris-HCl, pH 7.5, 1 mM EDTA) in a with these dyes. These dyes also show significant fluofinal volume of 2 ml, for 45 min. Measurements were rescence enhancement upon binding RNA and ss DNA.
made using an SLM AMINCO SPF 500 C SpectrofluThis property of YOYO-1 has even been exploited to orometer (SLM Instruments, Inc., Urbana, IL). The exdevelop fluorescence-based microplate assays for the tinction coefficients were determined by dissolving a quantitation of RNase (15) and oligodeoxyribonucleoknown amount of the reagent in 10 mM sodium phostides (16) .
phate buffer, pH 7.5. The optical density was deterGel and dipstick assays also are commonly used to mined at the absorbance maximum for the dye in that measure dsDNA concentrations. However, dipstick buffer and the extinction coefficient was calculated usassays have very limited dynamic ranges and require ing Beer's law. Fluorescence enhancement measuresubjective ''eyeball'' comparisons for quantitation. Gel ments were obtained by incubating 500 ng/ml of calf assays using SYBR Green I gel stain allow the detecthymus DNA, fX174 ssDNA or E. coli ribosomal RNA tion of dsDNA in the 10-20 pg/band range (17) , but with PicoGreen reagent, at a final concentration of 0.8 are difficult to quantitate in the absence of a laser scanmM in TE, for 45 min. Fluorescence was measured as ner or CCD camera-based gel documentation system. above and compared to the fluorescence of the dye alone Our goal in these experiments was to develop a sigat 0.8 mM in TE. Quantum yield (QY) measurements nificantly more sensitive reagent for the quantitation were made for PicoGreen reagent at 480 nm excitation of small amounts of dsDNA, with a broad dynamic by comparing the integrated fluorescence emission of range and relative insensitivity to contaminants comPicoGreen-nucleic acid complexes to the integrated monly found in nucleic acid preparations. To this end, fluorescence of fluorescein (QY 0.92 in 50 mM phoswe screened a new class of recently developed unsymphate buffer, pH 9.0) at equal dye absorbance at 480 metrical cyanine dyes (18, 19) . Here we present our nm. The standard used for Hoechst dye-nucleic acid characterization of PicoGreen dsDNA quantitation recomplex measurements was quinine sulfate (QY 0.6), agent, the representative of the new dye class that prowith absorbance and excitation at 346 nm. Measurevided the greatest sensitivity in combination with the ments were made for Hoechst 33258 dye in 1 M NaCl. greatest dynamic range for selective detection of Sequence selectivity of the PicoGreen reagent was exdsDNA in solution.
amined by incubating ds calf thymus DNA, poly(dA)r poly(dT) homopolymers or poly(dG)rpoly(dC) homo-
MATERIALS AND METHODS
polymers with the PicoGreen reagent at a ratio of 1 Materials dye:50 bp DNA. Fluorescence was measured using an SLM fluorometer, as described above. PicoGreen dsDNA quantitation reagent, Hoechst 33258, ethidium homodimer-1, YO-PRO-1, YOYO-1, Nucleic acid quantitation. Nucleic acids in TE buffer were mixed with an equal volume of diluted Picoand IgG were from Molecular Probes, Inc. (Eugene, ultraviolet, at about 285 and 360 nm; we have found the presence of these minor ultraviolet excitation peaks to be characteristic of related cyanine dyes as well (17, 20, 21) . The fluorescence quantum yield of the PicoGreen reagent was determined to be Ç0.53 when bound to ds calf thymus DNA or bacteriophage l genomic DNA. The quantum yield of the dye upon binding to E. coli ribosomal RNA at low dye:base ratios was only slightly lower (Table 1 ). The fluorescence enhancement of PicoGreen dye on binding to these ''natural'' templates was found to be nearly 2000-fold for dsDNA, but was lower upon binding to ssDNA or RNA (Table 1 (Figs. 2C-2F ). In addition, unlike Hoechst line) spectra for PicoGreen reagent bound to ds calf thymus DNA.
33258, the PicoGreen reagent showed no AT/GC selectivity in its fluorescence (Table 1) ; both poly(dA)rpoly(dT) and poly(dG)rpoly(dC) homopolymers yielded Green reagent (1:200 in TE buffer). Samples were incu-similar quantum yields to that obtained with ds calf bated for 5-30 min at room temperature, protected thymus DNA. from light, in quartz or disposable acrylic fluorescence
We determined that the molar extinction coefficient cuvettes or microplate wells. Sample volumes for fluo-of this dye in phosphate buffer is Ç70,000 cm 01 M 01 , rometer assays were 2 ml and sample volumes in the which is about 1.75 times that of Hoechst 33258 microplate assays were 200 ml. For fluorometer mea-[Ç40,000 cm 01 M 01 ; our value for the molar extinction surements, the SLM fluorometer described above was coefficient of Hoechst 33258 is very close to that obused. Samples were excited at 480 nm and fluorescence tained by Mü ller and Gautier in a different buffer (22)] was measured at 520 nm. Samples containing 1 ng/ml and more than 10-fold greater than that of ethidium to 1 mg/ml DNA were generally measured using a gain bromide under the same assay conditions [Ç5500 cm 01 setting of 1, an HV setting of 750-800, and excitation M 01 (12)]. and emission slit widths of 4 nm each. Samples containing 25 pg to 1 ng DNA were generally measured Rate of Binding to dsDNA using a gain setting of 10, an HV setting of 1275, an
We found that PicoGreen reagent binds very rapidly excitation slit width of 4 nm, and an emission slit width to dsDNA under our assay conditions; fluorescence is of 7.5 nm. Peak fluorescence intensities were inte-96% of the maximum within 10 s after addition of DNA grated and plotted versus nucleic acid concentration.
to dye solutions (data not shown). Thus 2-to 5-min Microplate assays were performed using a CytoFluor incubations are adequate for PicoGreen assays. 2300 (Millipore, Bedford, MA) microplate reader. SamHoechst 33258 binding has been reported to reach equiples were excited at 485 nm and fluorescence was mealibrium in a manner dependent on the ionic strength sured at 530 nm. For these assays, peak heights were of the buffer, such that binding is slow under conditions measured and plotted versus nucleic acid concentraof high ionic strength (23) . We found, however, that tion. For measurement of the effects of assay contamiHoechst 33258 also binds relatively rapidly (in a time nants, experiments were run under standard condiframe similar to that of PicoGreen reagent), even tions for microplate assays, except that a known though our experiments were performed with that dye concentration of the contaminant was present with the in 1 M NaCl, to ensure the dsDNA selectivity of the dye and dsDNA in TE buffer.
assay (5) (data not shown).
RESULTS

Effect of Dye Concentration on the Assay Characterization of the PicoGreen Reagent
We tested dye concentrations ranging from 0.2 to 3.2 mM and found that the greatest sensitivity and widest We first chose to characterize the fluorescence properties of the PicoGreen reagent, particularly in compar-dynamic range were obtained when the PicoGreen reagent was present at a final concentration of 0.8 mM in ison with Hoechst 33258, which is the standard reagent for solution quantitation of dsDNA. The excitation the assay mixture (Fig. 3 ). Higher concentrations of dye resulted in higher background signals, thus reducmaximum of the PicoGreen reagent, bound to dsDNA, is 500 nm and the emission maximum is 523 nm (Fig. ing the assay's sensitivity. However, higher dye concentrations also extended the upper end of the assay's dy-1). Minor excitation peaks also were observed in the namic range, allowing accurate quantitation of larger with microplate assays because of the different fluorescence detection pathway (relatively narrow-angle amounts of DNA. Due to the high extinction coefficient of this dye, concentrations in excess of 5 mM can give optics) of such instruments. Although dye concentrations lower than 0.8 mM can be used to achieve slightly rise to inner-filter effects for standard 10 mm cuvette assays. High dye concentrations are less of a problem better sensitivity (by reducing background fluores-
FIG. 2.
Effect of salt concentration on the fluorescence of the PicoGreen reagent versus Hoechst 33258, as free dye and bound to dsDNA, ssDNA, and RNA. Assays were performed in TE buffer (A, C, E) or TE buffer containing 1 M NaCl (B, D, F) as described (Methods). PicoGreen reagent was present at 0.8 mM (A, B) and Hoechst 33258 was present at either 0.1 mg/ml (C, D) or 1 mg/ml (E, F). These Hoechst 33258 concentrations are those used in standard quantitation assays. Fluorescence spectra are shown for dye alone and for each dye upon binding to 500 ng/ml dsDNA, ssDNA, and RNA. were incubated with calf thymus DNA under standard assay conditions. Fluorescence was measured using the microplate reader for samples containing 10 ng/ml DNA to 5 mg/ml DNA (A) and using the fluorometer for samples containing 25 to 800 pg/ml DNA (B).
cence), such concentrations also reduced the effective inset) or 250 pg/ml dsDNA in 200-ml volumes (data not shown). This sensitivity is 400-fold greater than that dynamic range of the assay. In addition, lower dye concentrations resulted in increased signals from RNA and achieved with Hoechst 33258 [10 ng/ml (5)], 20-fold greater than that achieved with YOYO-1 [0.5 ng/ml (13)], ssDNA (discussed in greater detail below).
and 100-fold greater than that achieved with YO-PRODynamic Range and Sensitivity 1 [2.5 ng/ml (14)]. The dynamic linear range of detection, under these conditions, was from 25 pg/ml up to about 1 We found that using the assay procedure described mg/ml, with r 2 values of 0.997-0.999 (Fig. 4 ). This linear above (Methods), in combination with a standard fluodetection range spans more than four orders of magnirometer, we were able to achieve detection sensitivities tude in DNA concentration and is much greater than as high as 25 pg/ml dsDNA in 2-ml volumes (Fig. 4 , that obtained with either Hoechst 33258 (5) or YO-PRO-1 (14). Signal variation was so small that error bars obtained from samples run in triplicate fell within the symbols used to plot the data points. Average standard deviations were less than 1.5%. Using a fluorescence microplate reader we were able to detect as little as 250 pg/ml of DNA, in a total volume of 200 ml, for a final sensitivity of about 50 pg dsDNA per sample well (data not shown). Detection sensitivity was also not strongly dependent on DNA conformation; supercoiled plasmids and linear DNAs were detected with essentially the same sensitivity (Fig. 5A) . However, supercoiled DNA yielded slightly lower fluorescent signals than linear templates, with somewhat reduced linearity. This signal intensity decrease was observed for the intercalator ethidium bromide (Fig. 5B) , but was not observed with the groove-binding dye Hoechst 33258 (Fig. 5C ). The relative fluorescence enhancement of the Picothymus DNA were added to cuvettes containing 0.8 mM PicoGreen reagent in 10 mM Tris-HCl, 1 mM EDTA (TE), pH 7.5, in a total Green reagent upon binding ssDNA or RNA is fairly volume of 2 ml. The fluorescence emission peak at 520 nm following high (Table 1) ; however, under our standard assay conexcitation at 480 nm was integrated and plotted versus DNA concenditions these nucleic acids contribute only minimally tration, as determined using a fluorometer. The inset shows an ento the dsDNA signal (Fig. 2) . In fact, for low amounts largement of the results from DNA concentrations ranging from 0 to 2.5 ng/ml. Background fluorescence is subtracted from all values. of total nucleic acid, this contribution is negligible (Ta- ble 2). There is no assay condition for Hoechst 33258, One reason that the contribution of ss nucleic acids to the PicoGreen signal is not very large is that when on the other hand, that results in low signals from both ssDNA and RNA, while retaining good sensitivity for this class of dyes binds to these molecules at high dye:base ratios (generally greater than 1:1 or 1:2 for the dsDNA (Fig. 2) . dimers), there is frequently a shift in the fluorescence emission of the complex to longer wavelength (redshift) shift in their excitation maxima to shorter wavelengths (24) . For the PicoGreen assay we are taking advantage 1 mg/ml 10 mg/ml (101) 300 ng/ml (0.31) of this redshift phenomenon by deliberately choosing a 500 ng/ml 500 ng/ml (11) 50 ng/ml (0.11) dye concentration that will result in a high dye:base 10 ng/ml 100 ng/ml (101) 30 ng/ml (31) ratio for ss nucleic acids that are present within the 5 ng/ml 50 ng/ml (101) 15 ng/ml (31) 100 pg/ml 1 ng/ml (101) 1 ng/ml (101) linear range of the assay. For the PicoGreen reagent, 50 pg/ml 500 pg/ml (101) 500 pg/ml (101) the redshifted emission has only a very small change in wavelength, but a strong decrease in quantum yield a For each double-stranded DNA concentration indicated, the (Fig. 6) . The integrated signals show that in the presamount of single-stranded DNA and RNA that results in no more ence of high dye:bp ratios (100 ng/ml nucleic acid) the than a 10% change in the signal intensity is shown. Larger amounts of single-stranded nucleic acids yield greater changes in signal intensity.
Relative Contribution of Single-Stranded Nucleic
RNA signal is 5% of the ds DNA signal (Fig. 6A) . How- ever, at 2 mg/ml nucleic acid, the RNA signal is 25% of Effects of Compounds Commonly Found in Nucleic the dsDNA signal (Fig. 6C) . Thus, as long as the ss Acid Preparations on the PicoGreen Assay nucleic acids are present at concentrations lower than
The relative contributions of a number of compounds 0.4-0.8 mM in bases (a dye:base ratio of 1:2 to 1:1, which that frequently contaminate nucleic acid preparations corresponds to less than 0.13-0.26 mg ssDNA or RNA were determined. We chose to assay a set of salts comper milliliter), their fluorescence undergoes the redmonly used in reactions with DNA modification enshift, and their contribution to the overall PicoGreen zymes, as well as salts, detergents, and organic solsignal is minimal. Hoechst dyes also undergo redshifts vents frequently used in the purification of DNA. Of in their fluorescence emission at high dye:bp ratios that these reagents, we found that only sodium dodecyl sulare accompanied by decreases in fluorescence quantum fate and phenol caused large perturbations from linearyield, but these shifts are not selective for ss nucleic ity in the assay (Fig. 8) . However, high concentrations acids and appear to result from a change in binding of some salts did cause an overall decrease in signal mode (25) (26) (27) .
intensity. In the quantitation assay, these effects can Single-stranded oligodeoxyribonucleotides are debe compensated for by simply preparing a set of stantected weakly by the PicoGreen reagent (Fig. 7A) .
dards containing the same concentration of contamiPoly(dT) and poly(dG) homopolymers yielded slightly nants as the experimental samples. Table 3 shows the higher signals than poly(dA) and poly(dC) homopolyrelative decrease in fluorescence signal intensity mers (Fig. 7B) . Mixed-base oligonucleotides yielded sigcaused by a representative concentration of each connals that were less than 25% of those obtained with the same mass of calf thymus DNA (Fig. 7A) .
taminant.
Heparin was the only reagent tested that appeared to compete for binding with DNA, resulting acid binding. Furthermore, the dyes have high affiniin high fluorescence backgrounds, reduced sensitivity, ties for DNA and/or RNA; and in some cases are rapidly and loss of linearity (Fig. 8P) . Heparin itself gave a permeable to electrophoretic gels or living cells. We detectable fluorescence enhancement upon binding screened a number of dyes in this class in order to PicoGreen reagent, with a detection limit of Ç100 mg/ find a reagent that would provide an optimal assay for ml (data not shown). Because the PicoGreen reagent is quantitating dsDNA in solution. The assay we develcationic, it is likely that other long-chain polyanions-oped has a sensitivity that is 400 times greater than particularly those that have charge distributions or that achieved with Hoechst 33258, 100 times that structures similar to that of DNA-will have the same achieved with the monomeric cyanine dye YO-PRO-1, adverse effects on the assay. and 20 times that achieved with the dimeric cyanine dye YOYO-1, using a standard fluorometer. This assay has a dynamic range spanning four orders of magniPhotostability of the PicoGreen Reagent tude in dsDNA concentration-from 25 pg/ml to 1 mg/ We found that protecting cuvettes or microplates con-ml-with a single concentration of dye. This range is taining PicoGreen reagent solutions from light is essen-broader than that achieved with YOYO-1 or Hoechst tial in order to avoid photobleaching. Samples of Pico-stains, even when two different concentrations of the Green reagent bound to dsDNA either were incubated latter reagent are used (5). Under our standard assay in the presence of normal room light or were protected conditions we found that ssDNA and RNA contribute from light and fluorescence was measured at intervals. less fluorescence to the PicoGreen signal than both nuWe observed a large decrease in signal stability over cleic acids do to signals from other commonly used dyes time when samples were exposed to room light (Fig. under standard assay conditions for those dyes. 9). This decrease was minimal when microplates were
The PicoGreen dye-based assay is readily suited to covered with aluminum foil or stored in a drawer dur-rapid, high-throughput automation, since it is a singleing the incubation steps in the procedure. We did not step procedure with only a brief incubation period, and observe photobleaching during fluorometric measure-is spectrally compatible with mercury-arc lamp or ments for standard assays.
other broad-spectrum excitation sources as well as with commercially available lasers. In fact, the development DISCUSSION of microplate-based assays using PicoGreen reagent to detect E. coli DNA polymerase III holoenzyme and huDuring the past 5 years, we developed a distinct new man immunodeficiency virus reverse transcriptase acseries of unsymmetrical cyanine nucleic acid stains tivities has recently been reported (28) . Although we with useful properties (12, (17) (18) (19) (20) (21) . Such properties inhave found that the dye is not stable to thermocycling clude high extinction coefficients, negligible intrinsic when high-temperature melting steps are included fluorescence of the unbound dye, and large fluorescence enhancements with high quantum yields upon nucleic (data not shown), the PicoGreen reagent is useful for quantitating dsDNA templates prior to PCR (29) and to the total signal provided by the primer pair, Taq DNA polymerase and free dNTPs (29) . However, it is for quantitating amplification products at the end of such reactions (29-31), due to the small contribution possible that for detecting low-abundance products of multiplex reactions-where multiple primer sets are simultaneously amplified-the total concentration of ss primers in the reaction may be high enough to contribute significant background fluorescence, which would adversely affect the assay's sensitivity. For samples containing a large excess of ssDNA or ss oligonucleotides, it might be useful to include a step employing S1 or mung bean nuclease single-strand-specific nucleases prior to performing the assay. Although we have not tested the dye in this application, PicoGreen reagent might also prove useful for quantitating the products of S1 nuclease mapping experiments, thus providing a facile method for measuring amounts of specific low-abundance transcripts isolated from cells or tissues. In addition, the minimal contribution of pro- known. However, since (a) its fluorescence is not very base-selective but shows some conformation dependence, (b) its fluorescence is sensitive to salt (particularly divalent cations) and ionic detergents, and (c) it shown), binding may occur via a different mode. It is binds heparin with some fluorescence enhancement, thought that for Hoechst dyes there is an ''unspecific'' PicoGreen dye may intercalate and may have surface binding mode to GC-rich templates, characterized by or groove interactions as well. This is consistent with differences in absorption and circular dichroism specwhat is known about the binding modes of related di-tra, which quenches the fluorescence of ''specifically'' meric cyanine dyes, which appear to primarily interca-bound dye (10, 23) . It is possible that the decrease in late when bound to oligonucleotides, but also interact fluorescence yield on binding ssDNA and RNA at high with DNA in other ways (32, 33) . However, since the dye:base ratios that we have observed for the unsymbinding of PicoGreen reagent to dsDNA is much more metrical cyanine dyes (including PicoGreen reagent) is rapid than that of YOYO-1 and TOTO-1 (data not due to a similar phenomenon. Both Hoechst 33258 and the cyanine dimers also show sequence-specific interactions (10, (34) (35) (36) . It is unknown if PicoGreen reagent 
